M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT score. For each knee image at baseline, a variance orientation transform method (VOT) was 23 applied to subchondral tibial bone regions of medial and lateral compartments. Seventeen 24 fractal parameters were calculated per region. Associations of each parameter with OA 25 incidence and with medial and lateral JSN increases were explored using logistic regression. 26 Analyses were stratified by digitized film (DF) vs. computer radiography (CR) and adjusted for 27 confounders.
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Results: Of 894 knees with CR and 1158 knees with DF, 195 (22%) and 303 (26%) developed 30 incident OA. Higher medial bone roughness was associated with increased odds of OA incidence 31 at 60 and 84 months and also, medial and lateral JSN increases (primarily vertical). Lower 32 medial and lateral anisotropy was associated with increased odds of medial and lateral JSN 33 increase. Compared to DF, CR had more associations and also, similar results at overlapping 34 scales. Trabecular bone is constantly remodeling in response to stress. Different patterns of the bone 43 structure have been detected and studied using texture analysis of plain radiographs. In cross 44 sectional studies, differences have been found in tibial trabecular bone texture between 45 subjects with and without radiographic knee osteoarthritis (OA), and in particular bone texture 46 exhibited higher vertical medial roughness for knees with radiographic OA than control knees 47 [1, 2] . For subjects without radiographic tibiofemoral (TF) knee OA, those with cartilage defects 48 on MRI had the highest vertical medial roughness compared to those without cartilage defects 49 [3]. Cartilage defects have been shown to occur well before radiographic OA and predict 50 longitudinal cartilage loss [4] and joint replacement [5] . In longitudinal studies, tibial trabecular 51 bone texture predicted an increase of medial joint space narrowing (JSN) [6, 7] . Also, vertical 52 medial trabecular bone texture predicted knee OA progression quantified by changes in medial 53 radiographic and magnetic resonance imaging (MRI) measures of cartilage volumes [8] . 54 55 Those past studies have suggested that trabecular bone texture has a potential for predicting 56 incidence of radiographic knee OA. However, those studies had limitations with regard to their 57 sample size (ranging from 28 to 413), inadequate adjustment for potential confounders and To address such limitations, we present a study in which we explored the association between 62 measures of baseline trabecular bone texture and two radiographic outcomes: (a) radiographic 63 TF OA incidence and (b) an increase in TF JSN score, with the outcomes determined at three 64 follow-up time-points in a large number of subjects. Insights gained from the work could be 65 used in future confirmatory research on a prognostic system for knee OA, including an imaging 66 biomarker useful in the assessment of OA, for the development of disease modifying OA drugs 67 and other treatments (e.g., exercise regimes). We used data from the Multicenter Osteoarthritis Study (MOST) which is a longitudinal cohort 75 study of 3026 subjects aged 50-79 years at baseline with, and at high risk for, knee OA and 76 examined at 30, 60 and 84 months follow-up visits. Subjects were recruited from two US M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 subjects) at baseline, 4426 knees (2547 subjects) with KL grade 0 or 1 at baseline were 84 considered eligible for OA incidence and an increase in JSN grade. We excluded knees that had 85 under-or over-exposed radiographs or had grid artifacts visible, or where non-anatomical 86 objects (e.g., clothes) overlaid the subchondral tibial bone. Other exclusions were knee 87 replacement, missing patella, osteonecrosis, amputation, rheumatoid arthritis, fracture, JSN 88 grade = 2 or more at baseline, undetermined TF status at follow-up, missing knee alignment 89 measurement, self-reported knee injury or surgery, leaving 2052 knees (1433 subjects) for Radiographs of all knees were read for JSN, osteophytes and Kellgren-Lawrence (KL) grade 103 while knee alignment was measured as previously described (Sections 2 and 3 of the Appendix). The total number of fractal parameters calculated was seventeen and they are described Baseline knees were categorized into four quartile groups (denoted in the Tables II-IV as Q1,   180 Q2, Q3, Q4) on the basis of quartiles of each fractal parameter, determined separately for men 181 and women. The first quartile group Q1 has the lowest 25% of values of parameter, while the 182 group Q4 has the highest 25% of values. Q2 and Q3 comprise the remaining 50% of values, split 183 at the median. Logistic regression was used to assess the association of each baseline medial 184 and lateral fractal parameter with incident TF OA and with an increase in medial, and separately 185 an increase in lateral, JSN scores. Generalized estimating equation methods were used to 186 account correlations between knees in one subject. Odds ratios were calculated for the three 187 groups with the higher parameters in comparison with the first group (Q1 = reference). Linear 188 and U shaped trends were tested using continuous fractal parameters in logistic regression 189 models. For the linear trend, the fractal parameters were modified to z-scores (mean=0 and 190 SD=1) and for the U-shaped trend, to z-scores and the square term of z-scores.
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Sex, race, age, BMI, knee alignment and KL grade were identified as potential confounders 193 using a six-step directed acyclic graph [14] . A distribution of each confounder across the groups 194 of each texture parameter was checked by means of Chi-square or ANOVA tests. Of 6052 knees from 3026 subjects, 894 (UAB) and 1158 (UIowa) knees from 626 and 807 206 subjects respectively were included in our study ( Fig. 1 ). No significant differences were found 207 in demographics between those who were included in our study and those who were not (data 208 not shown). Known risk factors for OA showed independent associations with the outcomes of 209 OA incidence and increase in JSN score. Women had higher percentage of outcomes and BMI 210 was higher at baseline ( Supplementary Tables I, II and III) . Knee level characteristics such as KL 211 grade 1 vs 0, JSN grade 1 vs 0, presence of osteophytes had associations with outcomes as 212 expected ( Supplementary Tables I, II and III) . Malalignment showed strong associations with 213 increase of JSN score in both compartments ( Supplementary Tables II and III) .
We followed the subjects up to the last visit (the 84 months follow-up) if they did not have OA 216 incidence or increase in JSN score at 30 or 60 months. The median follow-up times were 2.5, 5.7 217 and 7.7 years, respectively, and they were consistent across outcomes and clinics. Most of the 218 OA incidence and the increases in JSN occurred in medial compartments (Table I) . For CR images, roughness measured from medial compartment bone regions produced 229 significant odds ratios with incident OA at 60 months follow-up, for the horizontal direction: 230 odds ratios were 1.73 and 2.03 for Q4 of FS H_M (p = 0.007) and FS H (p = 0.008) respectively 231 (Table II) . For incidence at the 84 months follow-up, the vertical direction FS V_L and FD V had 232 significant odds ratios values of 2.99, 3.06 and 2.35 for Q2, Q3 and Q4 (p = 0.005) and 2.09 for 233 Q4 (p = 0.009) respectively (Table II) . The roughest direction FD Sta_L and the mean overall 234 roughness FD MEAN had significant odds ratios and they were 1.90 and 2.03 for Q4 (p = 0.0014 235 and p = 0.012) (Table II) . (Table I , Supplementary Table II ). The number of knees is cumulative to 84 months (i.e., 62 251 (45.3%) with JSN increase were first time detected at 30 months, plus 52 (38%) at 60 months 252 and plus 23 (16.8%) at 84 months). For medial compartment bone regions of CR images, 253 statistically significant odds ratios for the outcome of medial JSN increase were 2.09, 2.02 and 254 2.00 for FS V_S (p = 0.042, 0.0026 and 0.035) at 30, 60 and 84 months respectively, and at 84 255 months, 1.91 for FD MEAN (p = 0.025), and these significant associations were all for Q4 (Table III) . (Table I , Supplementary Table II ). For medial compartment bone regions of DF 260 images, significant odds ratios for the outcome of medial JSN increase were found at 30 months 261 follow-up; for the vertical direction they were 2.34, 2.04, 2.26 and 2.81 for Q4 of FS V_S , FS V_M , 262 FS V_L and FD V (p = 0.007, 0.028, 0.007 and 0.007) (Table II) . Also significant was odds ratio of 263 1.94 for Q3 of FD V_M (p = 0.028) (Table II) . For DF images, anisotropy analysis of medial compartment bone regions showed significant 271 odds ratio of 0.51 at 30 months follow-up for Q2 (p = 0.026), and for anisotropy of lateral 272 compartment bone regions, StrS L had significant odds ratios of 0.48 and 0.60 for Q2 (p = 0.002 273 and 0.016) at 60 and 84 months follow-ups (Table IV) (Table I , Supplementary Table III) . For roughness analysis of medial compartment bone regions 285 of CR images, significant odds ratios for an increase in lateral JSN were 2.93, 3.90, 4.37 and 286 3.29, 3.11, 5.16 for Q2, Q3 and Q4 of FS V_L (both p = 0.001) at 60 and 84 months follow-ups 287 respectively (Table III) All associations found for roughness exhibited linear trends (Tables II and III) . For anisotropy, 303 the results obtained had significant U-shaped trends (Table IV) . This is a large-scale exploratory study of the association between knee trabecular bone 308 structure patterns and both incident radiographic TF knee OA and increased knee JSN score. 309 We found that tibial trabecular bone texture on baseline radiographs was associated with 310 incident OA defined as development of a definite osteophyte (new or enlarging) at follow-up. 311 Also, we found associations between the bone texture and loss of joint space longitudinally 312 (defined by an increase of OARSI JSN score by a half-grade or more). All associations were 313 independent of adjustment for baseline sex, age, race, BMI, knee alignment, and KL grade. For medial regions from CR images, we found that a higher horizontal roughness of trabecular 331 bone texture at baseline (FS H_M , FD H ) had an increased odds (1.73, 2.03) for incident OA over 60 332 months. This is consistent with cross-sectional results from previous studies which showed that 333 subchondral bone regions may have higher horizontal roughness for knees with mild and 334 definite OA [15] . We also found the increased odds (1.90-3.06) along the vertical (FS V_L, FD V ) and Supplementary Table I, Table I ). Our results are in line with Dore et al. [1] where no associations 346 were seen over 48 months. Also, for lateral bone regions no associations were found. This could 347 be due to the fact that most of the incident OA cases had JSN in the medial compartment; 110 348 medial vs 47 lateral (Table I) . We found more pronounced associations for the outcome medial JSN score increase as 369 compared to incident OA. This could be attributed to our definition of incident OA, which is 370 based on the KL scale which involves growth of osteophytes and JSN, which are different 371 pathological processes and occur in different tissues [19] . We had 40 OA incident cases (out of 372 195) without JSN change (Table I) suggested the FD differences between knees with KL=1 and knees with KL=0. However, there is 380 no evidence supporting a causal pathway between FD and KL grade, i.e., that a particular value 381 of FD leads to higher or lower KL (JSN, osteophyte) grade. Also, when we ran a sensitivity 382 analysis on our data stratified by KL grade (grade 0 or 1), the results obtained (data not shown) 383 did not alter our conclusions. In this exploratory study we performed many isolated tests. Our p-values reported were not 392 corrected for multiplicity. We did this intentionally. In the context of an exploratory study of a 393 large number of experimental parameters the adjustment for multiplicity could be 394 counterproductive, resulting in finding no associations where there were associations (type II 395 error) [23] . To assess the possible impact of collinearity between individual fractal parameters 396 and the covariates in the models we calculated variance inflation factors. Inflation factors 397 greater than 10 were found, suggesting collinearity between age and intercept and between 398 BMI and intercept. Further investigation suggested that the collinearity was due to large 399 differences in scale between BMI and age and the other confounders. Therefore we normalized 400 the age and BMI into variables with standard deviation equals to 1. This normalization did not 401 essentially change associations between fractal parameters and OA incident and JSN worsening.
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We checked whether the odds ratios approximated the relative risk in our data [24] . We found 404 that the relative risks were lower (for ORs > 1) or higher (for ORs < 1) and showed same trends 405 as compared to the odds ratios presented. Statistical significances were found: for medial bone 406 regions, the relative risk of OA incidence was 1.57 for FD V and for lateral regions, the risk of 407 lateral JSN score increase was 0.39 and 0.30 for FS V_S and FD V . Thus, the odds ratios do not 408 approximate the relative risk in our data, except when number of events is below 10% (lateral 409 JSN increase). There are important limitations to this study. First, FS analysis is a relatively new field and as 412 the nature of our study is exploratory with multiple comparisons made, some significant results 413 could be by chance alone. The high probability of false positives remains a concern. Thus, our 414 findings need to be confirmed using other datasets. Second, the two clinics in MOST use 415 different resolutions and acquisition techniques for their imaging. Despite this our results 416 between clinics were similar at the trabecular image sizes that overlapped (i.e., for CR: S = 1.02-417 1.36 mm and DF: L = 1.20-1.40 mm). Also, at small trabecular sizes (0.60-1.40 mm) associations 418 were found mainly for 30 months while at large sizes (1.02-2.39 mm) they were obtained for 60 419 and 84 months. These findings are consistent with the previous studies showing that early OA 420 changes in bone occur in small trabeculae [17] . Third, the sample sizes available for the increase 421 in lateral JSN were relatively small. This is because lateral compartment OA is rare. In previous 422 studies, the lateral compartment was often not analyzed because of the low power of 423 calculations. 424 425 In this study we found that tibial trabecular bone texture on baseline radiographs was 426 associated with incident OA defined as development of a definite osteophyte as well as loss of 427 joint space longitudinally. All associations were independent of adjustment for sex, age, race, 428 BMI, knee alignment, and KL grade at baseline. .03 (1.21-3. 
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